Abstract: This paper examines the aesthetic dimensions of the patterns generated from trochoids. A virtual trochoid was implemented and its parameters were varied to generate various patterns. These patterns were evaluated by a group of 101 participants. Inspired by Birkhoffs concept of measuring aesthetics, order to complexity, we calculated order as the quality related to composition and complexity as the quality related to the intricacy of the structure. The result of this experiment suggests that the aesthetic measure was able to predict at least half of the preferred patterns by the participants and that those with art experience were more developed in considering a balanced composition. There were also certain patterns that both the experienced and non-experienced participants agreed on. This was further analysed using Arnheims theory of compositional weight, where size, colour, negative space and central perceptual force determines whether the trochoids had a sense of unity in its composition. To quantify these factors, the patterns ink density, ink distribution and ink gradient were measured. Our findings suggest that Birkhoffs aesthetic measure reveals useful aesthetic information of trochoid patterns and that patterns that are cohesive appears to be more appealing.
Introduction
Aesthetic evaluation refers to the sensory appreciation of an artefact. Aesthetic appreciation involves both cognitive and emotional process (Leder et al., 2004) . This appreciation is arguably dependent on social norms. For example, classical paintings and pop-art pieces emphasise different values. Nevertheless, one cannot deny the idea of absolute beauty since there seem to be some qualities that universally appeal to humans. Studies in Elam (2011, pp.6-7) have shown that having certain proportional features may affect the aesthetic preference of the audience. When visual content is organised, the cognitive process is more effective as it is able to create meaning out of it [Costell et al., (2013), p.115] .
This paper 1 investigates the aesthetic dimensions of trochoids. A trochoid is a curve traced from a fixed point p on a diameter or an extended diameter of a circle C r that rolls along a fixed line. The trochoid subsumes various specific cases: hypotrochoid, epitrochoid, hypocycloid, and epicycloid. These cases are roulette-like where a fixed point p of a circle C r (as described earlier) rolls along a circumference of another fixed circle C f . The two circles could have any radius, but both must not be infinity. More specifically, let r f be radius of a fix circle and r r be radius of a rolling circle. Hypotrochiod is the case where the circle C r rolls inside a circle C f and r r ≤ r f . If the traced point p is on the circumference of C r , this is called hypocycloid. Epitrochoid is the case where the circle C -r rolls around the outside of the circle C -f. If the traced point p is on the circumference of C r , this is called epicycloid.
2
The patterns generated from trochoids are generally pleasing (or at least not disturbing). Here, we would like to examine the aesthetic dimensions of the patterns generated from trochoids. A virtual trochoid was implemented and its parameters were varied to generate various patterns. Sixty six patterns were selected from over eight hundred patterns generated and they were then grouped into 22 questions, each with three patterns. A group of 101 participants was asked to select the most pleasing pattern among the three patterns presented in each question. We then compare and contrast preferences observed from these participants with the preferences calculated using aesthetic measures derived from image processing techniques.
The rest of the materials in the paper are organised into the following sections: Section 2: related works; Section 3: aesthetic evaluation; Section 4: results and discussion; and Section 5: conclusion and future work.
Related works
Could one explicitly express the evaluation criteria for beauty? There are two main viewpoints on this matter. First and foremost, Plato argues that beauty is a quality associated with harmony, symmetry and unity (Child, 2000; Feng, 2002) , which implies that humans are attracted to these qualia naturally. Secondly, according to Burke (1729 Burke ( -1797 , "beauty is for the greater part, some quality in (the) bodies, acting mechanically upon the human mind by the intervention of the senses". In Plato's view, beauty is an absolute quality and is universal. In Burke's view, beauty is dependent on each individual's perception, past experiences, knowledge and preferences.
A person's preference depends on what one considers as sensational (Palmer and Shimamura, 2012) . Although there is scientific evidence that sensational reactions can be observed from chemical reactions in the brain, it is often difficult to quantitatively distinguish a person's sensational reaction to another. These reactions are also likely to change overtime, depending on the types of exposure they experience.
Plato's theory of an ideal proportion, symmetry and unity influences many later attempts to quantify beauty as some numeric parameters derived from the structure of an artefact. Golden proportion is one of such quantifications. In generative art, relationships between the complexity of a computer program employed to generate an artefact and the perceived complexity and order in the artefact are investigated by many researchers (Wolfram, 1984; Flake, 1998; Phon-Amnuaisuk and Panjapornpon, 2012) . Birkhoff (1993) argued that the aesthetic value for any class of aesthetic objects may be measured using the ratio of order O over complexity C.
It is clear that the definition of O and C are class dependent. For example, a terse, imaginative expression of a poetic idea in metric form is a characteristic of high aesthetic value poem pieces (Birkhoff, 1993) ; in music, the classical ears emphasise the beauty of the musical form while the romantic ears emphasise expressions. Birkhoff's aesthetic values, calculated from the perceptions of order and complexity, do not support or defy any of the two views above. Many researchers argue that it is impossible to determine the preference of a person from this formula, due to the progressive experiences involved as mentioned earlier in Hoenig et al. (2005) . So, how can aesthetics be measured in this experiment? Solely for the purpose of this, we define aesthetics as beauty in its dimensions rather than what is being interpreted as its content (Hoenig et al., 2005) . The evaluation of the dimensions will include some of the design principles which are categorised accordingly into two main components: composition and complexity. The component of composition will evaluate the trochoid in terms of its balance and symmetry, which refers to having unity in the overall form in terms of its shape, size and negative spaces in-between; whereas complexity is based on the intricacy of the structure created from repetitive patterns of the geometric shapes, intensity of the dots and thickness of the lines [Costello et al., (2013), pp.101-122] . Figure 1 shows a rolling circle C r with radius r r (a) rolling inside and (b) outside a fixed circle C f (having radius r f ). The circle C f is centred at (0, 0). The relationship between the angle t at (0, 0) and t′ at (x c , y c ) when C r rolls inside C f can be expressed as follows. 
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Let (x c , y c ) be the coordinate of the centre of the circle C r and (x′, y′) be the coordinate of the tracing point p in the reference frame of C r , i.e., (x c , y c ) is the origin of (x′, y′) and the distance between the two points is 
and After rearranging the variables using k = r r / r f and l = p / r r , the parametric equations of a trochoid are expressed as follows.
In the above parametric form, the parameter r f is a scaling parameter that determines the size of the drawing, the parameters l and k determine the structure of the trochoids.
Quantitative aesthetic measures
Various parameters have been suggested to objectively quantify beauty (Sudweeks and Simoff, 1999 ). Benford's Law has been employed to describe the distribution of brightness of the pixels of an image in den Heijer and Eiben (2010) . In Ross et al. (2006) , it was suggested that colour gradients in a visually pleasing image conform to a normal distribution.
Figure 2
Examples of trochoids that have been manually selected from over 800 generated patterns Note: These are patterns from questions 1 to 22.
Our approach is inspired by Birkhoff's concept of measuring aesthetics through the relationship between order and complexity, where order refers to the organisational structure of components in artefacts, and complexity refers to the complex interactions among components in the artefact that reveal various coherent interpretations. In our study, we have decided to calculate the features f i derived from balance and symmetry to quantify order O. It is, however, quite hard to quantify complexity C in the sense described above since coherent interpretations imply semantic processing which is far beyond the scope of this work. Here, we have decided to use two different features to quantify complexity C: the intricacy of the structure created from repetitive patterns of the geometric shapes. Hence, the aesthetic measure M of each pattern can be expressed as:
Details of the calculation of O and C are as follows:
• Calculating order: Let T m×n be an m × n binary matrix representing a trochoid pattern, i.e., element T ij ∈ {0, 1} s.t. 1 denotes a pixel filled with black ink and 0 denotes a white pixel. Two types of balance measures are defined in the present study, 1 as the ratio of inked pixels between the left and the right parts f 1 2 as the ratio of inked pixels between the top and the bottom parts of the pattern f 2 .
Two types of symmetric measures are defined, 1 f 3 symmetry along the x axis 2 f 4 symmetry along the y axis.
• Calculating complexity: Here, we measure perceived complexity using the quality 
Experimental design
This experiment has two objectives: firstly, to compare the participants' selections among the set of given trochoids; secondly, although Hoenig argued that it is nearly impossible to conclude the universal preference of a group-based purely on their aesthetic opinions (Hoenig et al., 2005) , this experiment attempts to investigate whether or not there are predictive patterns that would account for the perception of the aesthetic dimension. Materials. Eight hundred trochoid images were produced by varying the parameters l and k as discussed in Section 3.1. This produced many similar patterns. The first stage of filtration was to choose the images based on its distinctive patterns. Once the images were selected, patterns which resembled each other were strategically grouped together in a set of three. A total of 66 patterns were chosen and grouped together into 22 sets (of three patterns).
According to Costello et al. (2013, p.115) , when images are being placed closely together, it is easier for a person to process the visual information as they are likely to perceive those images as related and thus be able to compare the overall unity of the design. Even though most of the images seemed similar, they varied in terms of the focal point of emphasis. Data collection. The study was designed as an online survey created on Google Sites. Participants were asked to fill in some information regarding themselves: name, age, sex, exposure towards any form of art education and time of the day they answered the survey, as well as selecting the most preferred image for each of the 22 questions. The web link to the online survey was shortened using the services from Bitly.com. The site revealed information regarding the number of clicks on the link on which day, from what sites and from which country. A QR code was also generated for the convenience of the participants. In order to find a range of participants, the link and QR code were disseminated through social media: Facebook, Instagram and WhatsApp. According to the status report from Bitly.com, there were a total of 158 clicks recorded, but only one hundred and one participants actually answered the survey. Out of those participants, 68.3% were females. 58% of the responses were between 18 to 25 years old. 55% of the responses were exposed to some form of design education; self-taught as a hobby or learnt from school. Participants also answered the survey more in the afternoon (see graphical summary in Figure 3) .
Association analysis. The Apriori algorithm is a popular association analysis algorithm. Interesting relationships in the form of implication X → Y can be found using the following criteria:
where X and Y denote disjoint sets (X ∩ Y = Ø) of items in the domain of interest, i.e., information of participants such as name, age, answers to questions; and σ(·) is a function that return the count of items in the set. A support s (X → Y) is the ratio the number of occurrence of the set X ∪ Y over the total observation count (i.e., N transactions). A confidence c(X → Y) is the ratio the number of occurrence of the set X ∪ Y over the total occurrence of the set X.
Results and discussion
A total of 101 participants volunteered to evaluate these 66 patterns which were grouped into 22 questions. Their preferences were recorded and summarised in Figure 4 (bottom pane). These 66 patterns were also evaluated using the measure in equation (8) and using ink density (see more detail in Section 4.2). A comparison between the participants selections against the predicted selections and the predicted selections based on ink density shows a 54.5% similarity (see Figure 4 middle pane) and a 50% similarity respectively (see Figure 4 top pane).
Data analysis
Upon evaluation, it was found that participants preferred patterns which had a compositional weight [Arnheim, (1954), p.12] . Also, across all of the preferred patterns, 16 of them significantly had greater responses from participants who have experience in art. This serves as plausible evidence that they agreed on what constituted a standard structure of composition. Apart from that, questions 1, 8 and 9 (respectively in Figure 2 : row 1, column 3; row 2, column 10; row 3, column 3) had equal amount of responses for the preferred pattern from both experienced and non-experienced participants. The trochoids had a distinctive attribute where there was a considerable amount of negative space between the intricacies of the lines. Another interesting pattern is that, participants aged 18 to 25, who have no art education, mostly chose the predicted patterns. According to the Apriori algorithm, many interesting patterns emerge. We discuss four interesting patterns with s ≥ 0.27 below: available in each question. The height of each bar signifies the preference counts for the choices. The most preferred choice in each question is shaded in a darker tone. Top pane: predictions using ink density; middle pane: predictions using equation (8); and bottom pane: actual results. For example, the pattern q8 = 1 ∧ q10 = 1 ∧ q16 = 2 → q12 = 2 reads "IF the participant selects answer choice 1 for question#8, choice 1 for question#10 and choice 2 for question#16, THEN it is likely that the participant will select answer choice 2 for question#12".
We observe that 28 responses chose questions 10 (Figure 2 : row 3, column 4), 16 (Figure 2 : row 4, column 11) and had some form of art experience. These participants were likely to select patterns which had a heavier compositional weight (an increase of the repetitive patterns and a defined focal point), as opposed to the others. The rationale is similar to the 36 participants who chose questions 11 (Figure 2 : row 3, column 9) and 16 ( Figure 2 : row 4, column 11) regardless of their experience.
In another interesting observation, 33 participants who have art experience also selected patterns which were similar to each other (Figure 2 : row 3, column 4; row 3, column 11). Even though one of the trochoid was more pointed than the other one, it seems that it does not affect the selection. This shows that a repetitive pattern brings more consistency as it makes the pattern more balanced and contributes to the overall unity of a composition [Costello et al., (2013), p.117] . It also has sufficient negative space in between the pattern's lines. This concept can further be seen in the 22 selections of the participants who chose the same answers in questions 8, 10, 12 and 16 (respectively in Figure 2 : row 2, column 10; row 3, column 4; row 3, column 11; row 4, column 11).
Due to the fact that there were no continuous observations for the same participants to answer the same questions for the different times of the day, the gathered data concerning time is not able to give solid evidence of the preference across the different background aspects of the participants. This also applies to gender and age. However, it did not affect our experiment since the objective was to find whether there was a predictive pattern in perceiving aesthetic dimensions.
Discussion
From this investigation, participants preferred patterns with a central attraction as well as having visual weight as a whole. Arnheim (1954, p.9) argues that visual balance does not have to correspond to its physical balance, where size, colour and position plays an important role in determining what is considered as a unified composition. In general, having such visual weight depends firstly on the size of the shape, where a vertical shape appears to be heavier than oblique shapes [Arnheim, (1954), p.13] . Secondly, an intensive colour is able to have central focus compared to lighter colours [Costello et al., (2013), p.121] . Having equal negative space in between the lines is also taken into consideration in order for the viewer to easily process the pattern [Costello et al., (2013), p.104] . Lastly, the weight given from the direction of the shape depends on how well the other factors can counteract it and therefore will show the central perceptual force [Arnheim, (1954), p.15] .
To examine Arnheim's concept of compositional weight further, we decided to use a preliminary concept to examine whether or not it is quantifiable. Inspired from the study of geometric analysis, where alignment and proportion of the content is essential to the visual relationship as a whole [Elam, (2011), p.46] , each pattern was divided into sections and in each section some form of calculation was performed. Three factors were applied and its measures are as follows:
1 Ink density: Measures the colour of the pattern.
2 Ink distribution: Calculates the proportion of the pattern as well as the negative spaces in between the pattern and its whole area.
3 Ink gradient: Determines the focal point of pattern. a Ink density is defined as the normalised ink density of an image, i.e., the amount of ink in the image divided by the area. It is calculated by counting all the inked pixels divided by the total number of pixels of the image (Figure 4 We can plot arrows to display the direction of these changes.
After examining the results and comparing it with analysed data: Question 1 (Figure 5 : row 1, column 3): Although the ink density is similar with the first pattern and the focal point is more defined in the first pattern, it had slightly more ink distribution as opposed to the other two patterns (see Figure 4) . This can be considered as a probable reason for the pattern being selected by the participants. : row 1, column 2; row 4, column 2): The selected patterns have higher ink density and the distribution of the pattern against the negative space are better compared to the other patterns. The gradient direction for question 8 shows that it is somehow heavier on the middle section of the left and right and having a slight circular pull in the centre; for question 10 on the other hand, it has a focal point towards the centre as well as the outer edges of the pattern and for questions 12 and 16, its point of focus is towards the centre. All three factors suggest that the patterns are indeed balanced as a whole and have a distinctive focal point. Figure 4 ) and ink distribution for this question suggests that the second pattern ( Figure 6 : row 1, column 2) has a better distribution than the selected pattern. The second pattern was also the predicted selection based on the Aesthetic Measures formula (Figure 4 ). This is because the second pattern has more repetition in its pattern and a focal point towards the centre, as shown in the ink gradient result.
Conclusions and future work
For now, we can rationally conclude that mostly those with art experience are able to define what is considered as a balanced composition through its symmetry and that as a result, the aesthetic measure used in this experiment was able to predict half of the preferred patterns. In addition, a new concept that we have introduced is the calculation of compositional weight using the three factors, which was applied to the most selected patterns highlighted in Section 4.1. There were three similar patterns in which both the experienced and non-experienced agreed on. However, one of the results were inconclusive which raises an uncertainty in why the participants preferred a pattern over the predicted one based on the aesthetic measure as well as the compositional weight.
Other underlying questions include the preference of the participants depending on their background and other circumstances. Will the perception from both genders, despite their experience, be similar when the age factor has been applied? Or will answering the same question during different times and mood affect the outcome? Does the size of the trochoids matter when it is being presented to the viewer? Will participants choose the same pattern when it is displayed in a random order? These uncertainties might be substantial in determining the evaluation of aesthetic dimensions.
From the new discovery, we would in the future like to observe further to what extent is the aesthetic measure and compositional weight formula resulting to be true by applying it to a more complex visual content, one that involves asymmetry. The compositional weight calculation could also be improved further by implementing Le Corbusiers regulating lines and the Golden Proportion, where it detects the specific proportion of the visual content and thus be able to measure the unity of the composition. Also, an area that is possible to venture into would include manipulating the trochoids into their three-dimensional counterparts; would aesthetic measure be able to include depth as a factor to the perception of beauty in its dimension?
